We used a baculovirus-based system to prepare structural proteins of hepatitis C virus (HCV) genotype 1a. Binding of this preparation to cultured human hepatic cells was both dose dependent and saturable. This binding was decreased by calcium depletion and was partially prevented by ligands of the asialoglycoprotein receptor (ASGP-R), thyroglobulin, asialothyroglobulin, and antibody against a peptide in the carbohydrate recognition domain of ASGP-R but not preimmune antibody. Uptake by hepatocytes was observed with both radiolabeled and dye-labeled HCV structural proteins. With hepatocytes expressing the hH1 subunit of the ASGP-R fused to green fluorescent protein, we could show by confocal microscopy that dye stain cointernalized with the fusion protein in an area surrounding the nucleus. Internalization was more efficient with a preparation containing p7 than with one that did not. The two preparations bound to transfected 3T3-L1 cells expressing either both (hH1 and hH2) subunits of the ASGP-R (3T3-22Z cells) or both hH1 and a functionally defective variant of hH2 (3T3-24X cells) but not to parental cells. Additionally, uptake of dye-labeled preparation containing p7 was observed with 3T3-22Z cells but not with 3T3-L1 or 3T3-24X cells or with the preparation lacking p7, suggesting that p7 regulates the internalization properties of HCV structural proteins. Our observations suggest that HCV structural proteins bind to and cointernalize with the ASGP-R in cultured human hepatocytes.
Hepatitis C virus (HCV) infection has become a major health problem affecting an estimated 170 million people worldwide. Persistent infection occurs in more than 70% of people infected with HCV, which may be complicated by cirrhosis and/or hepatocellular carcinoma (24, 33) . Despite highly competitive and extensive research in this field, a highly effective treatment is not yet available. The mainstay of anti-HCV therapy, alpha interferon (IFN-␣) or pegylated IFN-␣, together with ribavirin leads, at best, to viral clearance in ca. 41 to 54% of patients infected with HCV genotype 1a (34, 38) . Since mechanisms of HCV infection remain unclear, characterization of these mechanisms is now a major issue for the development of new strategies for anti-HCV treatment and prevention.
HCV is a member of the Flaviviridae family with a positivestrand RNA of ϳ9.6 kb. More than six distinct genotypes exist among different HCV isolates; however, genotypes 1a and 1b are the most prevalent worldwide (8) . The viral genome is translated into a single polyprotein of ϳ3,000 amino acids in host cells (for a review, see reference 6). The amino-terminal part is cleaved by host cell proteases and its products, core and envelope (E1 and E2) proteins, are believed to be the major constituents of HCV particles (virions). E1 and E2 are glycosylated and are associated in two types of complexes: (i) heterodimers stabilized by noncovalent bonds, which probably represent the prebudding form of the viral envelope, and (ii) high-molecular-mass disulfide-bonded aggregates representing the misfolded protein (10, 14, 19) . Both types of complexes are retained in the endoplasmic reticulum, the proposed site for HCV assembly and budding. In most virus strains, a cleavage occurs between E2 and p7, a hydrophobic domain found at the carboxy terminus of E2. In some virus strains, however, the cleavage is incomplete, resulting in the production of two E2 species, E2/p7(ϩ) and E2/p7(Ϫ) (36) . The function of p7 remains unclear, as well as the significance of its cleavage.
The precise mechanisms of early steps of HCV infection remain largely unknown. Attempts to elucidate those mechanisms have been hampered by the difficulties to obtain a sufficient amount of free virion from the plasma of infected individuals and to establish a robust in vitro system for virus propagation. Nevertheless, it is generally accepted that HCV envelope proteins (E1 and E2), as with other enveloped viruses, may play a major role in virus binding and entry into target cells. Hepatocytes represent the primary site of HCV replication in vivo, although the HCV genome has also been found in lymphoid cells, in particular B cells (70) , and perhaps dendritic cells (46, 56) . Infection of these latter types of cells has been implicated in extrahepatic manifestations of HCV infection such as mixed cryoglobulinemia and B-lymphocyte proliferative disorders (2, 57) .
The processing of the HCV structural proteins after viral infection is poorly understood. Additionally, it is unclear whether this processing plays a major role in the infectious process and in triggering a proper immune response. Experimentally, HCV E1/E2 envelope proteins have been shown to induce a protective immune response against homologous viral challenge in the chimpanzee (9) , and high titers of anti-envelope antibodies have been shown to correlate with the natural resolution of chronic hepatitis C (26, 30) . These data suggest that the presentation of envelope antigens by target cells is probably a critical event that leads to recognition by the immune system and triggers the appropriate response. Nevertheless, viral antigen presentation does not lead to significant production of neutralizing anti-HCV antibodies in chronic hepatitis C infections or to a sustained, vigorous cytotoxic-Tlymphocyte (CTL) response (35, 51) .
In the present study, our aim, using HCV structural proteins (HCV-SP) derived from strain H77 (1a genotype), was to identify the additional and/or distinct cellular surface protein used by HCV-SP for attachment and entry. HCV-SP were obtained by expressing the core, E1, and E2 proteins in a baculovirusbased system, as previously described for HCV 1b genotype (7) . Cultured primary human hepatocytes, HepG2 cells, and Molt-4 cells were used to characterize HCV-SP-cell interactions. We then attempted to identify HCV-SP putative receptor(s) by using competitors to the binding of HCV-SP. Our data provide evidence that binding of HCV-SP to primary human hepatocytes and HepG2 cells, as well as internalization of HCV-SP, involves, at least in part, the asialoglycoprotein receptor (ASGP-R). Supporting this conclusion, cotransfection of a nonpermissive mouse fibroblast (3T3-L1) cell line with human hepatocyte ASGP-R cDNAs conferred HCV-SP binding and entry.
(This work was presented in part at the 7th International Meeting on Hepatitis C Virus and Related Viruses, Gold Coast, Australia, December 3 to 7, 2000 [abstr. A024].)
MATERIALS AND METHODS
Reagents, antibodies, virus, and cell lines. Bovine serum albumin (BSA), GNA (lectin from Galanthus nivalis), asialo-GM1 (asialoganglioside), and asialofetuin were obtained from Sigma (St. Louis, Mo.). Coomassie Plus protein assay reagent was from Pierce (Rockford, Ill.). Enzyme-linked immunosorbent assay (ELISA) plates (Immulon-4) were obtained from Dynex Technologies (Chantilly, Va.). The protein G-Sepharose column and ELISA reader were from Bio-Rad (Hercules, Calif.). The mammalian expression vectors pcDNA3.1 and pcDNA3.1/NT-green fluorescent protein (GFP)-Topo, as well as zeocin, were from Invitrogen (Carlsbad, Calif.). Lipophilic dye (CellTracker CM-DiI, the chloromethylbenzamido derivative of DiI [1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine iodine]) was from Molecular Probes (Eugene, Oreg.), and sterile glass chamber slides (Lab-Tek II) were from Nalge Nunc International (Rochester, N.Y.). Hybridoma cells expressing anti-E1, A4, and anti-core (C1) monoclonal antibodies (MAbs) (20) were gifts from H. B. Greenberg (Stanford Medical School, Stanford, Calif.), and the anti-E2 MAbs AP33 and ALP98 (47) were from A. H. Patel (Institute of Virology, Glasgow, United Kingdom), respectively. The peroxidase-labeled goat anti-mouse and anti-human immunoglobulin G (IgG), fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG, and ABTS [2,2Јazinobis(3-ethylbenzthiazolinesulfonic acid)] Microwell peroxidase substrate system were obtained from Kirkegaard & Perry Laboratories (Gaithersburg, Md.). The plasmid DNA containing the infectious HCV clone of H77 strain, p90/HCV. FL-long pU (32) , was a gift from C. M. Rice (Rockefeller University) and S. M. Feinstone (Food and Drug Administration, Bethesda, Md.). Flow cytometric analysis was performed on a FACSCalibur (Becton Dickinson).
Primary cultured human hepatocytes, hepatocyte culture medium (HCM), and SingleQuots were obtained from Clonetics (BioWhittaker, Inc., Walkersville, Md.). Human hepatoma cell lines (HepG2), the human T-cell line Molt-4, and a mouse fibroblast cell line (3T3-L1) were obtained from the American Type Culture Collection (Rockville, Md.).
Recombinant baculovirus constructs. p90/HCV.FL-long pU was used as a template to generate two recombinant baculoviruses coding for the structural HCV proteins: core, E1, and either E2/p7(ϩ) (Bac.HCV.1a-S) or E2/p7(Ϫ) (Bac.HCV.1a-p7 Ϫ ). Bac.HCV.1a-S has an additional 63 nucleotides (nt) of the amino-terminal part of NS2. This plasmid was digested with StuI and TthIII I, releasing a DNA fragment (nt 278 to 2831) corresponding to the core, E1, and E2/p7(ϩ) proteins that was subcloned between the StuI-XbaI sites of a pFastBac plasmid, allowing its expression under the control of a polyhedrin promoter (pFB90-S). A second DNA fragment (nt 1814 to 2579) was generated from p90/HCV.FL-long pU; PCR was performed with Pfu DNA polymerase and the two following primers: 5Ј-AAG ACC TTG TGG CAT TGT GC-3Ј (sense) and 5Ј-TCG AAA GCT TAC GCC TCC GCT TGG GAT ATG AGT-3Ј (antisense). For cloning purposes, a HindIII site (underlined) was introduced into this amplimer. The 775-bp PCR product was subcloned into the SmaI site (blunt end) of pUC19 vector (pUC775). pUC775 and pFB90-S plasmids were digested with AscI and HindIII, respectively, to obtain a 671-bp DNA fragment (nt 1909 to 2579) and to remove a fragment (nt 1909 to 2831) of pFB90-S. The 671-bp fragment was then ligated with the truncated plasmid (pFB90-p7 Ϫ ) that encodes for the E2/p7(Ϫ) protein. Plasmids pFB90-S and pFB90-p7
Ϫ were used to generate recombinant baculoviruses, Bac.HCV.1a-S and Bac.HCV.1a-p7
Ϫ , respectively, by using the BAC-to-BAC Baculovirus Expression System (Gibco-BRL/ Life Technologies, Gaithersburg, Md.) according to the manufacturer's protocols. The schematic diagram of the cloning procedures is shown in Fig. 1 . The nucleotide sequences of the recombinant baculoviruses were verified by restriction enzyme analysis and DNA sequencing. Virus titer was determined by BacPAK Baculovirus Rapid titer kit (Clontech, Palo Alto, Calif.). Expression of core, E1, and E2 proteins of the recombinant baculoviruses in Sf9 cells (from Spodoptera frugiperda) was analyzed by indirect immunofluorescence.
Expression and purification of protein preparations obtained with Bac.HCV.1a-S. Sf9 cells grown at 27°C in Sf900 medium (Gibco-BRL/Life Technologies) were infected with recombinant baculovirus at a multiplicity of infection (MOI) of 5 in a 500-ml Erlenmeyer flask, and cells were harvested at 3 days postinfection. All purification steps were carried out at 4°C on ice. Cells were harvested (3,000 rpm for 15 min), washed once in 10 mM Tris-HCl (pH 7.4)-150 mM NaCl-1 mM CaCl 2 (TNC) buffer containing 1 mM Pefabloc SC and a cocktail of EDTA-free protease inhibitors (Roche, Indianapolis, Ind.), and finally resuspended at 10 7 cells/ml in TNC buffer containing 0.25% digitonin and protease inhibitors (cf. above). Cells were homogenized, placed on ice for 4 h with gentle agitation, and centrifuged at 30,000 ϫ g for 45 min. The supernatant was collected, precipitated with 10% polyethylene glycol 8000 and 0.15 M NaCl for 2 h, and pelleted at 10,000 rpm for 30 min at 4°C. The pellet was resuspended in TNC buffer and briefly homogenized. Then, 100 to 200 l of homogenized suspension was applied to 10.5 ml of 20 to 60% sucrose gradient and centrifuged at 156,000 ϫ g for 16 h. Fractions (1 ml) were collected from the top of the tube and were tested for E1, E2, and core proteins by ELISA and Western blotting. Fractions containing recombinant proteins produced by Bac.HCV.1a-S [HCV-SP/p7(ϩ)] were pooled, diluted with TNC buffer and pelleted at 100,000 ϫ g for 3 h. Pellets containing HCV-SP were resuspended in TNC buffer and stored at Ϫ70°C. Protein concentration was determined with Coomassie Plus protein assay reagent (Pierce) with BSA as the protein standard. A similar method was used to express and purify proteins produced with Bac.HCV.1a-p7
Ϫ [HCV-SP/p7(Ϫ)]. Anti-core, anti-E1, and anti-E2 antibodies. C1, A4, AP33, and ALP 98 hybridoma cells were grown in RPMI medium supplemented with 10% fetal calf serum. To produce ascites, 2 ϫ 10 6 cells in phosphate-buffered saline (PBS) were injected intraperitoneally into each of five female BALB/c mice (22) . The ascitic fluid was purified through a protein G-Sepharose column, and the purified mouse anti-core, anti-E1, or anti-E2 IgGs were stored at Ϫ70°C. E2 ELISA. A 96-well plate was coated with 100 l (20 g/ml in PBS) of GNA at 37°C for 3 h. To prevent nonspecific binding, 150 l of 4% goat serum (in 5% skim milk-PBS) was added, followed by incubation for 3 h at room temperature. Samples containing HCV-SP were diluted in 5% skim milk-PBS, added to each well, and incubated at 4°C overnight. Anti-E2 MAb (AP33; 100 l, 6 g/ml) was added, and the plate was incubated for 3 h at 37°C. Peroxidase-labeled goat anti-mouse IgG (at a dilution of 1/1,000) was then added, followed by incubation for 1 h at 37°C. Bound antibodies were detected by adding ABTS from the Microwell peroxidase substrate system, followed by analysis on an ELISA reader VOL. 77, 2003 ASIALOGLYCOPROTEIN RECEPTOR AND HCV PROTEINS 547
at an optical density of 405 nm. The plate was washed six times with PBS between each step and, after the addition of anti-E2 MAb, with PBS-0.05% Tween 20. All dilutions were made in PBS containing 5% skim milk. Cell cultures. Cryopreserved primary human hepatocytes were resuspended in HCM supplemented with HCM SingleQuots and were used on the same day after plating. HepG2 and Molt-4 cells were grown in minimal essential medium and RPMI culture media, respectively, supplemented with 10% fetal calf serum. 3T3-L1 cells were grown in Dulbecco modified Eagle medium culture medium containing 4.5 g of glucose/liter supplemented with 10% calf serum. All cell lines were grown in an incubator at 37°C with an H 2 O-saturated 95% air-5% CO 2 atmosphere.
Binding assay. The binding assay was performed in a U-bottom 96-well plate. All of the incubation (on a rocking platform) and centrifugation or washing steps (800 rpm, 5 min) were carried out at 4°C. All dilutions were made in ice-cold binding buffer (TNC buffer containing 1% BSA and a cocktail of EDTA-free protease inhibitors). Adherent cells were washed twice with PBS and detached with 2.5 mM EDTA (in PBS) at 37°C for 10 min prior to use. Cells were rinsed once and then resuspended in TNC buffer at 2 ϫ 10 6 cells/ml, and 100 l was added to each well. HCV-SP binding was measured by indirect labeling. Next, 0.125 to 2.5 g of HCV-SP was incubated with cells for 2 h, and cells were washed twice to remove unbound proteins. Anti-E2 (AP33) or anti-E1 (A4) MAb was added, and the cells were incubated for 1 h, washed twice, and further incubated for 1 h with FITC-labeled goat anti-mouse IgG (4 g/ml). Cells were washed twice and then resuspended in 150 l of binding buffer, and bound HCV-SP was analyzed by flow cytometry. Nonspecific fluorescence was measured by adding primary and secondary antibodies in the absence of HCV-SP to cells. The mean fluorescence intensity (MFI) of bound HCV-SP was determined after subtracting the nonspecific fluorescence value.
In other experiments, cells were preincubated with various ASGP-R ligands prior to the addition of HCV-SP as described above. The 19S-thyroglobulin (Tg) fraction contains Tg dimers (apparent molecular mass of 660 kDa) that have a sedimentation coefficient of 19S as determined by ultracentrifugation. Crude Tg was extracted from the bovine thyroid gland, and 19S-Tg was purified by column chromatography, as previously described (68) . Orosomucoid and 19S-Tg were incubated with agarose bead-linked neuraminidase, as recommended by the manufacturer (Sigma). After centrifugation, protein concentration of the supernatants containing asialo-orosomucoid and asialo-Tg was determined. All preincubation steps were performed for 2 h at 4°C.
GFP-hH1-transfected HepG2 cells. GFP-ASGP-R construct was obtained by cloning the PCR amplimer coding for the ASGP-R hH1 subunit into the pcDNA3.1/NT-GFP-Topo vector. Briefly, cytoplasmic RNA extracted from HepG2 cells was subjected to reverse transcription and then to PCR with specific primers to obtain DNA fragments coding for hH1. The pcDNA3.1/NT-GFP-hH1 construct was verified by sequencing for correct sequence and alignment. A transient-transfection experiment was performed to confirm the expression of GFP-hH1 fusion protein. By laser scanning confocal microscopy (LSCM) analysis, a green fluorescent signal was detected in few cells, predominating at the levels of Golgi apparatus and plasma membrane, but was also detected in other cell structures, such as vesicles (not shown). HepG2 cells were then transfected with this plasmid construct by using Lipofectamine-Plus and, after a few days, selection antibiotic was added into the culture medium. Stable transfectants were obtained, and the most positive cells were sorted by using a Beckman-Coulter system.
Internalization assay. (i) Method with radiolabeled material. Sf9 cells (5 ϫ 10 8 cells) were infected with Bac-HCV 1a.S (MOI ϭ 5) in Sf900 medium containing 0.5% fetal bovine serum at 27°C for 4 h. Cells were pelleted and washed once with starvation medium (Sf900 medium minus cysteine and methionine), and then cells were grown in this medium for 24 h. Next, 2 mCi of Redivue Pro-Mix 35 S-labeled methionine and cysteine was added to the medium, and the cells were further incubated for 24 h. The labeling medium was discarded, and the cells were washed once and resuspended in Sf900 medium. HCV-SP were harvested at 3 days postinfection as described above. The internalization experiment was performed by incubating 100 g of 35 S-labeled HCV-SP per 2 ϫ 10 8 cells/well in a six-well plate for 15, 30, or 60 min at 37°C. (ii) Method with dye-labeled material. HCV-SP was labeled with 4 M CellTracker CM-DiI in TNC buffer for 1 h at 4°C in the dark. Dye-labeled HCV-SP was purified through a 30% sucrose cushion at 100,000 ϫ g for 3 h; the pellet was resuspended in TNC buffer containing 1% BSA and protease inhibitors. HepG2 cells were seeded into sterile glass chamber slides 1 day before the assay. Cells were incubated with labeled HCV-SP in serum-free Dulbecco modified Eagle medium at 4°C for 30 min, followed by incubation at 37°C for 5, 15, or 30 min. Cells were rinsed once with ice-cold PBS and fixed with 4% paraformaldehyde in PEM buffer (80 mM PIPES-KOH, pH 6.8; 5 mM EGTA; 2 mM MgCl 2 ) for 30 min on ice. Cells were then rinsed three times with PEM buffer, and slides were mounted with DAPI (4Ј,6Ј-diamidino-2-phenylindole)-antifade system and kept in the dark at 4°C until LSCM analysis was performed. Cells were analyzed with a laser-scanning confocal microscope (Leica; TCS SP) coupled with a DMIRBE inverted epifluorescent microscope. The wavelengths used to analyze GFP and CM-DiI staining were 499 and 553 nm for excitation and 519 and 570 nm for emission, respectively.
Stable cell line expressing recombinant human hepatic ASGP-R. To determine whether ASGP-R can facilitate HCV-SP binding to nonpermissive cells, 3T3-L1 cells were cotransfected with plasmid constructs coding for two fulllength subunits of human hepatic ASGP-R (hH1 and hH2) that have both been previously shown to be targeted to the plasma membrane in HepG2 cells (63) . Briefly, cytoplasmic RNA extracted from HepG2 cells was subjected to reverse
FIG. 1. Diagram of recombinant Bac-HCV.1a-S and Bac-HCV.1a-p7
Ϫ constructs. Two recombinant baculoviruses encoding for the HCV-SP of genotype 1a (H77 strain): core, E1, and E2/p7 proteins (Bac-HCV.1a-S) or that of lacking the p7 protein (Bac.HCV.1a-p7 Ϫ ) were generated, as described in Materials and Methods. UTR, untranslated region.
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transcription and then PCR with specific primers to obtain cDNA fragments coding for hH1 and hH2. To allow simultaneous selection of stable transfected cells expressing both subunits, two mammalian expression vectors (pcDNA3.1-Zeo and pcDNA3.1-Neo) were used. Each hH1 or hH2 cDNA fragment was inserted into one distinct vector, allowing its expression under the control of a cytomegalovirus promoter. The correct sequences of both constructs were verified by sequencing. 3T3-L1 cells were then transfected with both constructs simultaneously using Lipofectamine-Plus according to a protocol provided by the manufacturer (Gibco-BRL/Life Technologies). At 3 days posttransfection, cells were passaged and grown under G418 and zeocin selection. Upon several passages, stable 3T3-L1 transfectants were obtained. Total RNA was extracted from these cells, and cDNA was synthesized by reverse transcription; PCR experiments were then performed by using the same pairs of primers as described above. One amplimer was detected for each PCR (hH1 or hH2) in these cells (3T3-22Z); agarose gel analysis showed that each amplimer had the same size as the corresponding amplimer obtained in HepG2 cells, whereas no amplimer was detected in 3T3-L1 parental cells. In addition, we obtained a variant of the full-length ASGP-R hH2 subunit lacking part of the hH2 cytoplasmic domain (nonfunctional variant) but still targeted to the plasma membrane in HepG2 cells (63) . Another stable-transfected cell line coexpressing hH1 and the hH2 variant was then established (3T3-24X).
RESULTS
Characterization of HCV-SP. HCV-SP produced with a recombinant baculovirus-insect cell-based system were purified by sedimentation by equilibrium sucrose density centrifugation ( Fig. 2A ). Eleven fractions (1 ml) were collected from the top and then analyzed for the presence of E1, E2, and core proteins by both ELISA and Western blotting. ELISA results showed E2 reactivity was detected in two peaks: the lighter density (fractions 1 to 3) corresponds to a buoyant density of 1.02 to 1.10 g/ml, and the heavier density (fractions 8 to 9) corresponds to buoyant densities of 1.2 to 1.24 g/ml. Western blot analysis with anti-E2 MAbs (ALP98 or AP33) showed a group of major E2 protein bands of ϳ70 kDa (Fig. 2) ; the core protein was detected as a band at ϳ20 kDa (Fig. 2) . In light fractions, two major forms of E1 (ϳ33 and ϳ28 kDa) reflecting the different extent of N-linked glycosylation were also observed (Fig. 2B) . The E2 protein of HCV-SP was recognized by conformation-sensitive anti-E2, H2, and H53 MAbs (a gift from J. Dubuisson, Institut Pasteur, Lille, France [data not shown]), suggesting that the E2 protein of HCV-SP assumes a proper conformation (66) . The purification procedure was reproduced in several independent experiments.
Cell binding of HCV-SP/p7(؉) and HCV-SP/p7(؊).
Binding of the HCV-SP preparations to HepG2 cells was performed as described in Materials and Methods. As shown in Fig. 3A , the binding of the light fraction of HCV-SP occurred in a dosedependent manner. In contrast, very little binding was observed with the heavy fraction and only at a high concentration. In addition, a slight toxic effect on cells was observed with this latter fraction. This may be due to the presence of insoluble aggregates ( Fig. 2A ) that were less recognized by conformational antibodies with ELISA. It is well known that expression of E1 and E2 glycoproteins in mammalian cells also produces high-molecular-weight, disulfide-linked aggregates (10, 14, 19) .
The binding of HCV-SP/p7(ϩ) and HCV-SP/p7(Ϫ) preparations were compared. Binding was observed with the lighter fractions of both preparations (Fig. 3B) , whereas heavy fractions of both HCV-SP/p7(ϩ) and HCV-SP/p7(Ϫ) displayed a much lower lever of binding activity and only at a much higher HCV-SP were purified by equilibrium sucrose gradient centrifugation. (A) Profile of HCV-SP/p7(ϩ) after equilibrium sucrose gradient centrifugation. In the bottom panel, 1-ml fractions were collected from the top, and the protein concentration was measured (squares, dashed line); 50 l of each fraction was tested for E2 reactivity with AP33 MAb by ELISA (diamonds, solid line). A similar pattern was observed for HCV-SP/p7(Ϫ) (not shown). In the top panels, 50 l of each fraction was suspended into Laemmli buffer in denaturing conditions and analyzed by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis and then blotted onto a nitrocellulose membrane. HCV-SP was tested for E2 and core reactivity by incubating the membrane with AP33 and C1 MAbs, respectively; antigen-antibody complexes were revealed by incubating the membrane with horseradish peroxidase-coupled anti-mouse antibody and then subjected to enhanced chemiluminescence and autoradiography; the reactivity against insoluble aggregates (ins. aggr.) is shown on the top panel. (B) Immunoblot analysis of light fractions of HCV-SP/p7(ϩ). Proteins were prepared, analyzed, and blotted onto a polyvinylidene difluoride membrane, and the immunoreactivity with anti-core, anti-E1, and anti-E2 antibodies was determined as described above. The electrophoretic mobilities of the bands that displayed the highest core and E2 reactivity, respectively, were identical to those of positive controls with recombinant proteins expressed in mammalian cells (not shown). concentration (Ն50 g/ml). Thereafter, we only used HCV-SP from light fractions for our further studies. In HepG2 cells, maximum binding was generally observed starting within a range of 50 to 100 g of protein/ml for HCV-SP/p7(ϩ) and 30 to 50 g of protein/ml for HCV-SP/p7(Ϫ) and grossly corresponded to a similar HCV-SP immunoreactivity, as evaluated by ELISA or Western blotting (not shown).
In addition, we studied the binding of both HCV-SP preparations to HepG2 cells after protein heat denaturation at 90°C for 10 min (in the absence of both disulfide bond reducing reagent and sodium dodecyl sulfate); we subsequently observed an almost complete inhibition of HCV-SP binding to HepG2 cells (Fig. 3C ). This result indicates that the level of HCV-SP nonspecific binding is probably extremely low and certainly does not account for the binding of HCV-SP that we report here with HCV-SP from lighter fractions. It further suggests that asialated termini of carbohydrate structures on HCV-SP molecules are not enough to mediate HCV-SP binding to ASGP-R.
Binding of HCV-SP to primary human hepatocytes, HepG2, and Molt-4 cells. The ability of HCV-SP to bind various target cells was analyzed by flow cytometry (Fig. 4) . The binding of With this method of detection using antibodies, we could not compare the K d values for HCV-SP/p7(ϩ) or HCV-SP/p7(Ϫ) binding to the various cell types. Thus, the affinity of the primary antibody may be different for HCV-SP/p7(ϩ) and HCV-SP/p7(Ϫ) preparations and, moreover, this method relies not only on the binding of HCV-SP to cells but also on the binding of primary and secondary antibodies to cell-bound HCV-SP. In fact, it is unclear how much these two latter steps may influence the outcome and, therefore, the calculation of the K d . We have evaluated the K d elsewhere by using another method of purification and labeling that skipped the steps with antibodies (67) .
Effect of calcium and ASGP-R ligands on HCV-SP binding. As the structure of the HCV virion remains elusive, it has been previously shown that recombinant HCV envelope glycoproteins are asialated when produced in mammalian cells (61) . Glycosylation of neosynthesized envelope proteins is critical for proper folding and assembly of HCV-SP in the endoplasmic reticulum. We therefore sought to determine whether this asialated trait could play a role in the binding of HCV-SP to hepatic cells. The ASGP-R is a C-type (calcium-dependent) lectin that is most commonly found in the liver, although it is also expressed in other tissues (62) . It has been implicated in the clearance of asialoglycoproteins, i.e., desialated or galactose-terminal glycoproteins, from the circulation by receptormediated endocytosis. ASGP-R was also shown to mediate entry of hepatitis A virus-IgA complexes into hepatocytes (18) and has been proposed as a potential target for gene delivery into hepatocytes, with the goal of inducing a CTL response against viral alloantigens (13) . This receptor consists of a heteromultimer of two homologous subunits, hH1 and hH2 (41, 62) . Each subunit is subdivided into four functional domains: the cytosolic domain, the transmembrane domain, the stalk, and the carbohydrate recognition domain (CRD). The CRD of hH1 requires three calcium ions for proper binding conformation and sugar binding (41) .
Since ASGP-R binding is calcium sensitive, we first sought to determine whether HCV-SP binding to cells occurs in a calcium-dependent manner. A positive result would only be consistent with such a possibility, whereas a negative result would argue against such a possibility not only for ASGPR but also for other calcium-dependent receptors that might be involved in HCV-SP binding. Indeed, the simultaneous removal of calcium from the binding medium, together with the addition of a 5 mM concentration of the calcium chelator EGTA, reduced HCV-SP binding to HepG2 cells (Fig. 5A) . To test more di- 35 S-labeled methionine-cysteine mix. HCV-SP was prepared as described previously and then purified, and radiolabeled material (50 g/ml) was incubated with HepG2 cells at 37°C for the indicated times. Cells were harvested, disrupted, and subjected to cell fractionation. Four membrane fractions were isolated, each enriched in either plasma (F), microsomial/mitochondrion (s), smooth endoplasmic reticulum (‚), or rough endoplasmic reticulum (OE) membranes. Radioactivity uptake was quantified by liquid scintillation counting.
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rectly whether the ASGP-R might mediate HCV-SP binding to hepatic cells, primary human hepatocytes and HepG2 cells were preincubated with several ASGP-R ligands. Asialo-orosomucoid, a high-affinity ligand of the ASGP-R in the liver (68), inhibited HCV-SP binding to HepG2 cells in a concentration-dependent manner (not shown). As shown in Fig. 5B , asialo-orosomucoid, as well as asialoganglioside and asialofetuin, both reported to bind ASGP-R in the liver, partially inhibited the binding of HCV-SP to HepG2 cells, the latter being, however, less effective. Tg has been previously reported to bind the ASGP-R (11, 16, 43, 48, 68) . 19S-Tg and its desialated form (asialo-Tg) both inhibited HCV-SP binding to HepG2 cells. At lower concentrations, asialo-Tg (0.4 mg/ml) exhibited the same or greater inhibitory effects on HCV-SP binding as that of 19S-Tg (at 1 mg/ml). Desialated Tg is indeed known to have a higher affinity to the ASGP-R than 19S-Tg (11, 68) . More importantly, preincubation of cells with polyclonal antibody against a peptide of the CRD of the hH1 subunit of the ASGP-R resulted in a decrease in HCV-SP binding to HepG2 cells (Fig. 5C ) and primary hepatocytes (not shown); this decrease was not observed with preimmune antibody (Fig. 5C) . Additionally, an antibody directed against hypervariable region 1 (HVR1) of E2 envelope protein was as effective as the former antibody in inhibiting HCV-SP binding to HepG2 cells. The partial inhibition observed with the anti-HVR1 antibody suggests that additional binding sites of HCV-SP might exist that are neither competed for by ASGP-R ligands nor sensitive to calcium, perhaps on the E1 envelope protein. FIG. 7 . Colocalization of dye-labeled HCV-SP and ASGP-R GFP-hH1 in the perinuclear area. HepG2 cells expressing a fusion protein between GFP and ASGP-R hH1 subunit (GFP-hH1-HepG2 cells) were seeded into sterile glass eight-chamber slides 1 day before the assay. HCV-SP was dye (CM-DiI) labeled and purified as described in Materials and Methods. GFP-hH1-HepG2 cells were incubated with 10 g of CMDiI-labeled HCV-SP/ml for 60 min at 37°C; the cells were then rinsed and fixed with 4% paraformaldehyde, and the slides were mounted with DAPI-antifade system and kept in the dark at 4°C until they were analyzed by LSCM in both green (GFP) and red (CM-DiI) wavelength channels. 
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Internalization of radiolabeled HCV-SP in HepG2 cells. We next addressed the question of whether, after it binds to the cell surface receptor, HCV-SP could be internalized into human hepatic cells. For that, we first infected insect cells with recombinant baculovirus and then incubated them with a [ 35 S]methionine and [
35 S]cysteine mix. HCV-SP was prepared and purified as described above, and radiolabeled material was incubated with HepG2 cells at 37°C. Cells were harvested, disrupted, and submitted to cell fractionation with sucrose gradient ultracentrifugation, as described previously (20), resulting in four fractions corresponding to four membrane-enriched cell compartments. Figure 6 shows that radioactivity was detected in the various compartments even after a short incubation with cells. After 15 min, the increasing amount of radioactivity was observed in all cellular compartments (plasma membrane Ͻ microsome-mitochondrion Ͻ smooth endoplasmic reticulum [SER] Ͻ rough endoplasmic reticulum [RER]), suggesting that the incorporation of labeled HCV-SP occurred in this order. After 30 min of incubation, the amount of radioactivity had reached a steady state in the RER, whereas it started to decrease in the other intracellular compartments, suggesting that the majority of radiolabeled HCV-SP has reached the rough endoplasmic reticulum-enriched compartment.
Internalization of dye-labeled HCV-SP in HepG2 cells and colocalization with ASGP-R GFP-hH1. Since several experiments suggested that ASGP-R was involved in the binding of HCV-SP to HepG2 cells, we then sought to determine whether ASGP-R was involved in internalization. For this purpose, we established a clone of stable transfected HepG2 cells expressing a fusion protein between the hH1 subunit of ASGP-R and the GFP (GFP-hH1/HepG2 cells). In basal conditions, some GFP signal was visible in the endoplasmic reticulum area, but most was seen in the Golgi apparatus area, suggesting that the GFP-hH1 subunit was properly glycosylated before targeting to the plasma membrane. After incubation of cells with CMDiI-labeled HCV-SP (red), colocalization was analyzed by LSCM. We observed that, after uptake, this material accumulated in the cell area surrounding the nucleus. Moreover, by superimposing the pictures obtained in green and red channels, we observed a clear yellow signal in the perinuclear area. Lack of strong red (d) or green (e) signals in the superimposition picture (c) suggest that most CM-DiI-labeled HCV-SP and GFP-hH1 subunits colocalized (f) in this area (Fig. 7A) . This suggests that HCV-SP not only entered HepG2 cells but also that it was targeted toward an area surrounding the nucleus, simultaneously with the hH1 subunit of ASGP-R.
Furthermore, as shown in Fig. 8 , the incubation at 37°C of dye-labeled HCV-SP with GFP-hH1/HepG2 cells was followed by a concentration-dependent uptake of the labeled material. The intensity of HCV-SP/p7(Ϫ) uptake was less than that observed with HCV-SP/p7(ϩ) preparation (Fig. 8) . Finally, no uptake of dye-labeled HCV-SP was observed in a cell line of human thyrocytes (Aro cells; data not shown) or a cell line of mouse fibroblasts (3T3-L1 cells; see Fig. 10 ) that do not express ASGP-R transcripts (Fig. 9A ). In addition, by using a dye-labeled control preparation obtained by expressing recombinant ␤-glucuronidase with a baculovirus construct (bac-GUS), no uptake was observed in HepG-2 or HuH-7 cells (67), both well known to express ASGP-R at a high level.
Binding of HCV-SP to transfected 3T3-L1 cells expressing the human liver ASGP-R subunits. 3T3-L1 cells, a nonpermissive cell line of mouse fibroblasts, was chosen to express the human hepatic ASGP-R (subunits hH1 and hH2). Stable ASGP-R dually transfected cells were obtained, and two cell clones (3T3-22Z and 3T3-24X) were isolated (Fig. 9A) and tested for HCV-SP binding. Clone 3T3-22Z coexpressed both full-length hH1 and hH2, whereas clone 3T3-24X coexpressed full-length hH1 with a variant of hH2 (hH2Ј) that has a truncated cytoplasmic domain: the absence of this domain impairs cell trafficking of the hH2Ј subunit but does not affect its binding domain or properties (63) . As shown in Fig. 9B , parental cells did not bind HCV-SP; this was tested in the range of 10 to 50 g/ml of HCV-SP for both preparations (not shown). In Fig. 9C , either type of HCV-SP preparation (added at a low concentration [2.5 to 10 g/ml] onto 10 4 cells) bound to the ASGP-R-expressing cells in a dose-dependent manner (13.23 to 44.46% of positive cells). The histograms in Fig. 9D suggest that some cells did not bind HCV-SP/p7(Ϫ) at 4°C in both 3T3-22Z and 3T3-24X cell clones, at variance with HCV-SP/p7(ϩ); this difference disappeared at 37°C. A difference of ASGP-R subunits expressed at the cell surface between 4 and 37°C in a proportion of transfected cells could affect the binding of HCV-SP/p7(Ϫ) more than that of HCV-SP/p7(ϩ). This could be due to either a difference of glycosylation pattern of ASGP-R subunits present at the cell surface or their organization.
Internalization of HCV-SP into transfected 3T3-L1 cells expressing the human liver ASGP-R. Parental 3T3-L1 cells and cell clones 3T3-22Z and 3T3-24X were used to study whether the expression of ASGP-R not only allowed nonpermissive cells to bind HCV-SP but also renders them permissive for HCV-SP internalization. Figure 10 shows that, as expected, parental 3T3-L1 cells (wild type) did not uptake dye-labeled HCV-SP/p7(ϩ) or HCV-SP/p7(Ϫ). Interestingly, although 3T3-22Z cells do bind both HCV-SP/p7(ϩ) and HCV-SP/ p7(Ϫ), only dye-labeled HCV-SP/p7(ϩ) uptake was observed (Fig. 10) . This finding correlates with the lesser uptake of HCV-SP/p7(Ϫ) observed in HepG2 cells compared to HCV-SP/p7(ϩ). Finally, 3T3-24X cells that also bind both HCV-SP/ p7(ϩ) and HCV-SP/p7(Ϫ) did not take up any of the two dye-labeled HCV-SP (Fig. 10) . This was expected because 3T3-24X cells express the ASGP-R hH2Ј subunit whose internalization is greatly impaired in HepG2 cells (63) .
DISCUSSION
We sought to determine whether HCV structural proteins (HCV-SP) produced in insect cells could bind and enter into cultured human hepatocytes. Our results provide several lines of evidence indicating that HCV-SP binds to the ASGP-R in these cells and that ASGP-R may in part be responsible for their internalization into cultured hepatocytes.
The arguments for the involvement of the ASGP-R in HCV-SP binding are as follows. First, the binding of HCV-SP was inhibited by anti-ASGP-R CRD peptide antibody but not by preimmune antibody. The CRD is the extracellular part of the ASGP-R responsible for binding terminal nonreducing galactose residues and N-acetylgalactosamine residues of desialated N-linked tri-or tetra-antennary glycans, conferring part of its specificity to this receptor (41) . The CRD of hH1 requires calcium for proper binding conformation and sugar binding (41) . Consistent with that, calcium chelation by EGTA inhibited the binding of HCV-SP to cells. Second, the binding of HCV-SP to cells was partially inhibited by ASGP-R ligands such as asialo-orosomucoid (63) and Tg. Tg is the major component of colloid substance in the thyroid and is a large glycoprotein involved in thyroid hormone synthesis. Tg has been reported to bind an ASGP-R-related receptor in the thyroid (11, 16, 43, 48, 68) . Finally, the transfection of a nonpermissive cell line in order to express both subunits of the human liver ASGP-R conferred HCV-SP binding to these cells (3T3-22Z cells). Altogether, these results suggest that HCV-SP may also bind to ASGP-R in hepatocytes.
Several mechanisms may be relevant to explain the binding of HCV-SP to ASGP-R. First, recombinant glycoproteins produced in insect cells generally lack sialic acid residue at the extremity of their mature carbohydrate domain (27, 39) . It is thus likely that HCV-SP lack sialic acid, as already reported for recombinant HCV envelope proteins produced in mammalian cells (61) . Moreover, asialo-Tg was more potent than Tg in inhibiting the binding of HCV-SP to human hepatocytes. Evidence that the penultimate galactose and N-acetylglucosamine residues of the complex asialated carbohydrate of Tg bind to ASGP-R in thyrocytes has been previously established (11, 12, 60, 68) . Therefore, the simplest explanation for Tginduced inhibition of HCV-SP binding is the presence of asialocarbohydrates on the Tg molecule. Interestingly, uptake of circulating desialated Tg by hepatocytes has previously been described (45) . It is indeed well known that a small proportion of Tg is released in the bloodstream (49) , albeit the role is not yet understood.
Although largely mediated by their sugar moiety, the binding of various ligands to ASGP-R occurs within a broad range of affinity and with a certain degree of specificity (62) . Thus, asialo-orosomucoid and asialo-Tg have very different binding affinities in liver and thyroid (11) . In this respect, modifications in either number or position of antennas in the carbohydrate moiety of asialoglycoproteins are monitored by drastic changes in their affinity of binding to ASGP-R (62) . This has raised the possibility that determinants other than asialation of the carbohydrate termini are involved in binding to ASGP-R. In fact, several reports suggest that maturation of the carbohydrate structure of asialoglycoproteins expressed in insect cells differ from that observed in mammals (39) . It is therefore highly   FIG. 8 . Internalization of HCV-SP into GFP-hH1-transfected HepG2 cells. GFP-hH1-HepG2 cells were first incubated with 10 or 20 g of dye labeled HCV-SP/p7(ϩ) (top panels) or HCV-SP/p7(Ϫ) (bottom panels)/ml, or without, as indicated in the figure, in serum-free medium at 4°C for 30 min. This step was followed by further incubation at 37°C for 60 min. The cells were then subjected to the same procedure as in Fig. 7 and submitted to LSCM analysis in both green (GFP) and red (CM-DiI) wavelength channels; horizontal sections (six per cell or group of cells are shown) obtained in both green and red wavelength channels were superimposed. Areas displaying colocalization appear yellow. (17, 41, 62) . In the thyroid, the Tg content in iodotyrosine residues plays a critical role in Tg binding (59) . We therefore think that HCV-SP binding to ASGP-R may not be solely determined by its carbohydrate structure and may have some pathophysiological relevance. Additional arguments suggest that the binding to ASGP-R is followed by other events and that the ASGP-R is involved in the internalization of HCV-SP as well. First, transfection of nonpermissive cells expressing both subunits of the human liver ASGP-R (3T3-22Z cells) conferred HCV-SP/p7(ϩ) binding and entry into these cells. As expected, entry was not FIG. 9 . Binding of HCV-SP to ASGP-R-transfected 3T3-L1 cells. (A) 3T3-L1 cells were transfected to stably coexpress two subunits of human liver ASGP-R (hH1 and hH2). Clone 3T3-22Z coexpressed both full-length hH1 and hH2, whereas clone 3T3-24X coexpressed full-length hH1 with a truncated variant of hH2 defective for internalization but functional for binding. Total RNA was extracted from parental (wt) 3T3-L1 cells, from clones 3T3-22Z and 3T3-24X, or from HepG2 cells and subjected to reverse transcription; these cDNAs were then used to amplify by PCR a DNA fragment corresponding to either ASGP-R hH1 or hH2 subunits, as indicated. (B) Mouse fibroblasts (3T3-L1 cells) were incubated withobserved with a dual-transfectant cell line expressing a function defective variant of the hH2 subunit of ASGP-R (3T3-24X cells), suggesting that full ASGP-R functionality was required. The reason why 3T3-22Z cells did not uptake HCV-SP/p7(Ϫ) remains unknown. However, in a similar manner, HCV-SP/ p7(Ϫ) uptake appeared not to be as effective as for HCV-SP/ p7(ϩ) in HepG2 cells. It has been hypothesized that the lack of p7 may lead to conformational changes of envelope proteins (36) , as reported for closely related virus (21) , that are perhaps important for cell binding and entry of the HCV virion. In fact, the discrepancy between the two types of HCV-SP preparations observed in HepG2 cells could in part be due to their differential affinity for ASGP-R and/or a conformational issue important to trigger internalization. This discrepancy could be even more obvious with 3T3-22Z cells that, in fact, express less ASGP-R than do HepG2 cells (Fig. 9B) . This view would also be consistent with an involvement of noncarbohydrate determinants in the mechanism of entry of HCV-SP after binding to ASGP-R.
In GFP-hH1-transfected HepG2 cells, both HCV-SP and GFP-ASGP-R fusion protein cointernalized and then colocalized in a region surrounding the nucleus. It has been previously reported that, after internalization, asialo-orosomucoid is targeted to the lysosomial compartment in an acidification-dependent manner in HepG2 cells (63) . Additionally, a recycling of ASGP-R to the cell surface after ligand delivery has been suggested (for a review, see reference 62). In contrast to these studies, we observed here that both types of HCV-SP were targeted with ASGP-R to an area surrounding the nucleus, likely within the rough endoplasmic reticulum and/or nuclear envelope compartments. Consistent with this hypothesis we detected, after its uptake by nontransfected HepG2 cells, radiolabeled HCV-SP mainly in an endoplasmic reticulum membrane-enriched compartment. It is well known that newly synthesized misfolded proteins in the endoplasmic reticulum are targeted toward the proteasome system for protein degradation. Variants of the hH2 and hH1 subunits of ASGP-R, hH2a and hH1i5, respectively, have also been suggested to undergo such a processing (29, 58) . However, if this were the case for GFP-hH1 as well, this subunit would also be targeted toward the endoplasmic reticulum compartment in basal conditions, a hypothesis that, in fact, our observations do not support. We, therefore, think that targeting of the GFP-ASGP-R fusion protein toward the endoplasmic reticulum compartment triggered upon HCV-SP binding may be specific.
ASGP-R binding and pathway of entry may perhaps constitute an alternative pathway to induce an immune response against HCV. Several arguments suggest an involvement of ASGP-R in immune responses. First, ASGP-R has been previously suggested as being one potential target in chronic hepatic autoimmune disease in humans (40) and, experimentally, antibodies against ASGP-R are produced in animals challenged with woodchuck hepatitis virus (15) . Second, HCV is known to favor the occurrence of autoantibodies, such as those observed in autoimmune thyroid diseases (55) . The existence of a negative correlation between the occurrence of various autoantibodies and anti-ASGP-R autoantibodies has been reported in chronically HCV infected patients (25) . Thus, a balance is observed between hepatic autoimmune response and other autoimmune disorders upon HCV infection. Third, recognition of complex N-linked glycans by lectins is probably important for the development of an appropriate immune response. Thus, altered protein glycosylation is involved in triggering autoimmune diseases in animal models, although the mechanism remains poorly understood as yet (37) . This suggests that ASGP-R plays some role in regulating the immune system.
ASGP-R expression has also been described in dendritic cells (69) . These cells play a pivotal role in the immune response against infectious pathogens (23, 44) , including the induction of appropriate CTL response against dengue virus, another member of the flavivirus group (50) . Several arguments suggest that dendritic cells could be also involved in the clearance of HCV infection. There is growing evidence that dendritic cells of chronically HCV infected patients present with an impaired antigen processing and presentation, leading to incomplete activation of HCV-specific T cells (4, 5, 28, 31) . This phenomenon has also been linked to the observation that HCV could directly infect dendritic cells (46, 56) . In addition, several type II C-type (calcium-dependent) lectins are expressed at the surface of dendritic cells, which have been implicated in antigen uptake and targeting toward proteasome or endoplasmic reticulum compartments. Antigen processing and association with molecules of the major histocompatibility complex class I occur in the endosplasmic reticulum before presentation to the immune system at the cell surface (23) . It is thought that the CTL response is usually triggered via such a mechanism. Although no direct evidence is available so far, our present data are consistent with the fact that HCV-SP/ GFP-hH1 complexes could undergo processing in the endoplasmic reticulum compartment in hepatocytes. It is therefore tempting to speculate that HCV-SP entry through the ASGP-R pathway may trigger the processing of HCV-SP-derived peptides through the major histocompatibility complex class I processing pathway and lead to antigen presentation to the immune system by hepatocytes or dendritic cells. Certainly, other factors or receptors may also be involved in HCV-SP binding and entry into HepG2 cells. CD81 was recently reported to bind recombinant HCV E2 envelope protein (52) . However, no expression of CD81 was detected by reverse transcription-PCR in the HepG2 cells that we used, whereas a clear expression was detected in Molt-4 cells (not shown). This, obviously, precluded CD81 from taking any part in HCV-SP binding or entry in HepG2 cells. The low-density lipoprotein receptor (LDL-R) has been implicated in the binding and entry of HCV into cells (1, 42) and also requires calcium for ligand binding (3) . The HCV virion has been reported to complex with low-density lipoprotein and very-low-density lipoprotein in the serum (54, 64, 65) . This binding of HCV to lipoproteins in the plasma has even been proposed as an explanation for the lack of detection of viral envelope proteins with various antibodies (53) . We are currently not sure whether LDL-R is a direct or indirect target for HCV to enter into cells and whether HCV-SP directly interacts with this receptor or not. We also do not know whether, in addition to ASGP-R, another receptor is involved in HCV-SP/p7(Ϫ) internalization that would not be required in that of HCV-SP/ p7(ϩ). Nevertheless, the sum of our observations suggest that ASGP-R is involved in the binding and uptake of both HCV-SP preparations by human hepatocytes and that this ASGP-R should be considered a potential component of this process.
